Strata of the Late Cretaceous Niobrara Formation and Pierre Shale Group include bentonites that provide a distal record of volcanic activity taking place to the west. Detailed stratigraphic analysis combined with mineralogy and geochemistry of the bentonites indicates the following timing of events: 1) Eustatic sea level fall as a result of the end of the Niobrara Cycle; 2) Tectonic deformation of the Western Interior Seaway coincident with tectonism on the Absoroka Thrust in Wyoming and Late Canyon Range Thrust in Utah; 3) Backarc volcanism in Montana associated with the Little Elkhorn Mountain volcanic complex; 4) Forearc volcanism in the Cascades area indicates subduction of a hot oceanic crust where plagioclase in the oceanic crust is being incorporated into the melt; 5) Cessation of tectonic activity results in a return of sedimentation patterns to north-south trending belts with the Boyer Bay and Burning Brule members of the Sharon Springs Formation deposited to the east and the Mitten Black Shale Formation deposited in the basin.
Introduction
Strata of the Late Cretaceous Niobrara Formation and Pierre Shale Group (following [1] ) dominate the geology of western Kansas and South Dakota. Throughout these strata, numerous bentonite beds indicate the extensive volcanic activity taking place further west. This volcanic activity was a result of subduction of the Farallon Plate along the western margin of North America, which resulted in the formation of a broad north-south trending seaway throughout the western interior of the United States, which was divided into four facies belts [2] -the western foredeep, the western median trough, the eastern median hinge line, and the eastern platform (Figure 1) . Of particular importance are the western median trough, the bathymetrically deepest part of the basin; the eastern median hinge line, a narrow tectonically high area; and the eastern platform, a relatively stable area. The transcontinental arch is a Precambrian high that extends from the eastern part of the basin south-southwest across Nebraska and effectively separates the basin into a northern and southern component. During the Campanian, most of the tectonic activity is within the northern part of the basin due to active thrust faulting in Wyoming and Idaho. The Niobrara Formation is limestone and marl deposited during a relatively quiet tectonic interval. Shifting to siliciclastic sediments in the Gammon Ferruginous Formation is a result of increased tectonic activity creating a clastic source to the west.
The bentonite beds of the late Cretaceous strata can serve two purposes. First, these beds serve as marker units that can be traced across large geographic areas, providing a mechanism for correlating between localities. Bentonite beds are altered volcanic ash, which is deposited aerially over large areas in a geologically instantaneous time frame. Due to magmatic history, including partial melting, magma mixing, and crystal fractionation, each bentonite can have a unique chemical and mineralogical signature [3] . Despite diagenesis, this signature can be retained in the bentonites. Late Cretaceous bentonite beds have been used for correlation of strata in the lower part of the Pierre Shale Group [4] . The bentonite beds have the potential for correlation at a higher resolution than biostratigraphy or radiometric dating. Within a single ammonite range zone as many as 10 bentonites are present. In addition, correlation can be obtained across facies boundaries, including terrestrial to marine correlations [4] . Because bentonite beds are the result of volcanic activity, the geochemical and mineralogical signatures can be used to further identify the onset of the volcanic activity where the source volcanoes are destroyed or obscured by
Background

Campanian Stratigraphy of Kansas
The Campanian stratigraphy of the Western Interior is dominated by the Niobrara Formation with the lower part of the Pierre Shale Group overlying it (Figure 2) . Traditionally, the Pierre Shale Group has been referred to as the Pierre Shale Formation and the Sharon Spring Member was described as the lowest member of the formation in Kansas [5, 6] . The Sharon Springs Member had been extended to South Dakota, where it was divided into the Gammon Ferruginous Member, the Sharon Springs Member and the Mitten Black Shale Member [7] .
The Niobrara Formation was first recognized in Kansas [8] and was divided into the Fort Hayes Limestone and the Smoky Hill Chalk [9] [10] [11] . Logan [12] described the units of the Cretaceous of Kansas and Williston [13] described the Smoky Hill Chalk in detail. Hattin [14] recognized numerous marker units in the Smoky Hill Chalk, and established a correlation across Kansas using these marker units, the majority of which were bentonites. Bennett [15] used these marker units as well as one marker unit of Russell [16] to infer stratigraphic position of fossil vertebrates. Martin et al. [1] elevated the Pierre Shale to group status and the members to formation status. In South Dakota, the lower part of the Pierre Shale Group includes the Gammon Ferruginous Formation, the Sharon Springs Formation, and the Mitten Black Shale Formation. Bentonite correlation has shown that the Sharon Springs Formation of South Dakota is represented in Kansas by an unconformity at the top of the Gammon Ferruginous Formation [2] . The Gammon Ferruginous Formation is characterized by abundant siderite and limestone concretionary zones, which are more prevalent in South Dakota than in Kansas. Betonites are common in the formation and can be as thick as 0.25 m. The Sharon Springs Formation is restricted to only the most organic rich black shale in South Dakota. The Sharon Springs Formation in the Black Hills is characterized by several thick bentonite beds, reaching up to 1m in thickness, the Ardmore bentonite succession [17] , which has been used for regional correlation on the basis of stratigraphic position [18] , radiometric dating [19] , ammonite zonation [7] , and geochemical signature [2] (Figure 3 ).
Middle Campanian Volcanism
In the Campanian, the Farallon Plate was subducting under North America, resulting in extensive volcanism [20] (Figure 4) 26] . This volcanic activity produced extensive ash that was transported aerially across the western interior seaway [27] .
Three primary explosive volcanic centers were recognized using bentonite whole-rock rare earth element (REE) analysis: a forearc, volcanic arc, and backarc [3] . A backarc source is characterized by having high light rare earth element (LREE) enrichment and a slight negative europium anomaly, consistent with magma differentiation and continental crustal contamination. Crystallization of plagioclase from the melt incorporates europium, resulting in a depletion of this element relative to other REE in the liquid. LREE are generally incorporated into minerals in the final phases of crystallization (in association with quartz, potassium feldspar, muscovite), resulting in an increase in these elements [4] . The volcanic arc source is similar to a backarc setting except that fractionation is not as extensive, resulting in lower, but still enriched, LREE concentrations. A forearc volcanic source is characterized by having a positive europium anomaly, indicating the incorporation of plagioclase into the melt.
Because plagioclase preferentially incorporates europium during crystallization, melting of plagioclase will increase the europium content relative to other REE in the melt [4] . Plagioclase is in altered basalt of the subducting oceanic crust, and incorporation of plagioclase into the melt suggests melting of the subducting slab. A final volcanic source indicates an anorogenic, dacitic volcanic source that produced localized ash characterized by low Al 2 O 3 concentrations, reflecting an alkaline source [28] .
Bentonites of the Sharon Springs Formation have recorded volcanic activity in all three source areas [4] . Forearc volcanic centers are unusual. The occurrence of this volcanic center in the Sharon Springs Formation has been used to infer that the subduction of the Farallon Plate had reached a point where young oceanic crust was subducting [4] . This is consistent with the angle of subduction getting lower, shifting the other volcanic centers further inland [22, 23] .
Materials and Methods
Samples were collected from detailed measured sections of the Niobrara and the lower Pierre Shale Group. The Niobrara Formation was collected from several localities in Kansas (Table 1, Figure 5 ). However, the Pierre Shale of Kansas has several unconformities, including a critical unconformity that removes the Sharon Springs Formation from the stratigraphy in Kansas [1, 4] , so samples of the lower Pierre Shale Group were also collected from South Dakota and North Dakota. Detailed measured sections of the Niobrara Formation are provided by Hattin [14] and Bennett et al. [15] and sections of the Pierre Shale Group are provided by Bertog et al. [4] .
Samples were collected from fresh bentonite (blue color, [29] ). For thin bentonites (<10 cm thick), one sample was collected that covered the full thickness of the bentonites. For thicker bentonites, samples were collected at even intervals throughout the thickness of the bentonite (generally 10 cm intervals). This method esured comparison between the generally phenocryst-rich base of the bentonite and the phenocryst-poor upper parts of the bentonite. In addition, it allowed for identification of multiple volcanic events that were recorded within a single bentonite as a result of low sedimentation rates between events. In general, bentonites in the field was "clean", free of detrital shale. Where shale was present, care was taken to separate bentonite from shale during collection to ensure that geochemical results represented the bentonite.
Bentonite samples were disaggregated in water using trisodium phosphate and wet-sieving; material between 62.5 and 250 μm diameter was retained for further analysis. 150 samples were analyzed for 34 elements using total digestion mass spectroscopy (TD-MS) and instrumental neutron activation analysis (INAA) at Actlabs, Inc. (Appendix 1). Rare earth elements were normalized to chondrite and plotted on chondrite-normalized graphs. Chondrite values are assumed to represent primitive Earth compositions, and deviations from this composition indicate differentiation Table 1 for locality abbreviations. of the magma. In addition to whole rock analysis, bentonites were analyzed for the phenocryst composition (Appendix 2). This provided information for bentonites of the Pierre Shale Group, but bentonites of the Niobrara Formation had few phenocrysts. Samples were sieved using 62.5 and 250 μm sieves. The material that was <62.5 μm was allowed to settle for 2 h so that only the clay-sized fraction, <2 μm, remained in suspension. Oriented slides were prepared using the pipette method. Samples were analyzed by powder X-ray diffraction using a Rigaku Ultima III X-ray diffractometer of the samples under air-dried, glycollated, and heated conditions. Samples were run from 2θ to 32θ with a step size of 0.05θ a count time of 2 s. Phenocrysts between 62.5 and 250 μm were kept for analysis.
Results
Bentonite Fingerprinting
Fingerprinting bentonites can be useful for widespread correlation through the use of unique characteristics used to identify a layer anywhere that it is deposited. For this to be successful, the characters must be variable between volcanic eruptions, must be impervious to the depositional environment, and must be independent of diagenesis. Multiple techniques are used to provide a comprehensive fingerprint for each layer because individual methods of bentonite characterization may not provide a unique fingerprint. For example, the REE patterns in bentonites are a result of the source region and may be similar for more than one bentonite. The phenocrysts, however, may be different between layers with the same REE. This is because phenocryst composition is related to magma composition at the time of eruption. Therefore, a combination of REE with phenocryst composition can be used to identify individual layers.
Bertog et al. [4] used a combination of REE, phenocryst composition and chemistry, and stratigraphic position to identify groups of bentonites in the Sharon Springs Formation. The bentonites were divided four groups, which are used here.
Whole Rock Geochemistry
Bentonites were identified using discriminant function analysis, which uses multivariant functions to distinguish statistically unique groups. The bentonites separated into four groups with these functions calculated ( Discriminant function analysis provides a statistical means for segregating bentonite groups but does not provide for interpretation of source regions for the four groups distinguished using discriminant function analysis. In order to determine source regions, the data were plotted on REE spider diagrams and compared to known volcanic sources (as described above). WR Group 1 and 4 plot with high LREE (~100 ppm La) and HREE of about 10 -20 ppm. This group plots favorably with a backarc volcanic setting. WR Group 2 has minor LREE enrichment (10 -100 ppm La) and low HRR (1 -20 ppm). WR Group 3 has low REE but is characterized by a positive Eu anomaly (Figure 7) .
Phenocryst Analysis
Primary volcanogenic phenocrysts are present in many of the bentonites in the Gammon Ferruginous and Sharon Springs Formation. Bentonites of the Sharon Springs Formation were divided into two groups-rhyolite and dacite-based on their composition of quartz-potassium feldspar-plagioclase (Figure 8) . Bentonites of the Niobrara Formation were heavily altered, even where the surrounding limestone was fresh. In the field these bentonites were difficult to distinguish as bentonites, but consistently had gypsum and limonite as weathering products. Because of this, it was difficult to obtain phenolcrysts that were useful for interpretation. Phenocrysts that were available were primarily quartz with minor biotite and feldspar.
Bentonites of the Gammon Ferruginous Formation plot as rhyolite based on their ratio of quartz-potassium feldspar-plagioclase (30% -50% quartz, 10% -30% plagioclase and 40% -60% potassium feldspar). These bentonites plot favorably with WR Group 2 of the Sharon Springs Formation (Figure 8 ).
Discussion
The Late Cretaceous (Campanian) strata of the Western Interior Seaway of North America were deposited during a complex time when tectonic activity and eustatic sea level changes overlapped. The stratigraphic record of the Niobrara, Gammon Ferruginous and Sharon Springs formations, records this complex interaction at resolution higher than structural geology and petrology could. Each individual unit of the stratigraphic record indicates a unique event in time and relative timing of each event is clearly laid out like pages of a book. The carbonate Niobrara Formation gave way to the Gammon Ferruginous Formation as a result primarily of tectonic activity to the west. Nearly synchronous with this sedimentological change, increased volcanic activity and thrusting in the west was taking place and global sea levels were rising. Based on stratigraphic interpretation, the events that took place within this interval included: 1) Occurrence of a clastic source with deposition of the Gammon Ferruginous Formation; 2) Onset of tectonic activity and thrusting to the west as indicated by two stratigraphic cycles in the Burning Brule Member of the Pierre Shale Following the Gammon Ferruginous Formation, deposition of the Burning Brule Member of the Pierre Shale represents a tectonic sequence, corresponding to tectonic activity on the Absoroka Thrust in Wyoming and the Late Canyon Range Thrust in Utah [30] . This tectonic phase is coincident with changes in the subduction pattern along the western margin. Subduction rates increased, as evidenced by the formation of a peripheral bulge in the Western Interior Seaway and recorded as an unconformity at the base of the Burning Brule Member [30] . Nearly coincident with the formation of this peripheral bulge, the Ardmore bentonite succession was deposited. This thick succession of bentonites records extensive volcanism throughout the west. Most of this volcanism took place in a backarc setting in Montana [4] .
he occurrence of this backarc volcanism is a result of a T decrease in the angle of subduction along the west coast. The Burning Brule Member is deposited in two stratigraphic sequences that correspond to migration of the peripheral bulge across the basin [30] . During the deposition of the Burning Brule Member, sedimentation patterns changed so that the Burning Brule Formation is deposited north of Nebraska while an unconformity was forming south of Nebraska. This change in sedimentation patterns is a direct result of tectonic activity in the northern part of the basin while the southern part of the basin remained stable. It is not until near the top of the Burning Brule Member that we see evidence of the forearc volcanism [4] . Forearc volcanism is a result of subduction of a young oceanic crust, which is still relatively hot. This causes the oceanic crust to melt as it subducts and plagioclase from the oceanic crust is incorporated into the magma, as evidenced by the increase in Eu.
Following deposition of the Burning Brule Member, the sedimentation patterns returned to north-south trending belts. In the basin the Mitten Black Shale Formation was deposited while further to the east the Nicholas Creek and Boyer Bay members of the Sharon Springs Formation were deposited.
Summary
The sequence of tectonic and eustatic events in the Campanian of North America are discerned through stratigraphic interpretation of the Niobrara and Sharon Springs formations. These events include:
Eustatic sea level fall as a result of the end of the Niobrara Cycle. Volcanic activity during this time was entirely volcanic arc in nature.
Tectonic deformation of the Western Interior Seaway coincident with tectonism on the Absoroka Thrust in Wyoming and Late Canyon Range Thrust in Utah resulted in differentiation between the northern part of the seaway and the southern part of the seaway, including the formation of a distinct peripheral bulge in the north-ern part of the seaway.
Backarc volcanism in Montana associated with the Little Elkhorn Mountain volcanic complex deposits bentonites within the Ardmore bentonite succession. The formation of this volcanic complex further inland than previous volcanism indicates a more shallow subduction angle of the Farallon Plate. Volcanic arc volcanism also continued through this time.
Forearc volcanism in the Cascades area indicates subduction of a hot oceanic crust where plagioclase in the oceanic crust is being incorporated into the melt. Volcanic arc volcanism continued through this time.
Cessation of tectonic activity results in a return of sedimentation patterns to north-south trending belts with the Boyer Bay and Burning Brule members deposited to the east and the Mitten Black Shale Formation deposited in the basin. 
Acknowledgements
